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Synthesis and Development of New Biodegradable and 
Biocompatible Polymers for Biomaterial Applications 
Abstract: 
                            The thesis entitled “Synthesis and Development of New Biodegradable and 
Biocompatible Polymers for Biomaterial Applications” is organized into two chapters 
as follows. 
Chapter-I:  Biodegradable polyester polyol acrylates for Tissue sealant 
applications. 
                  Section 1: A Review on Tissue Sealants 
                  Section 2: Experimental 
                  Section 3: Results and Discussion 
                   Section 3A: Effect of internal branching as well as external 
cross linking on macromer properties. 
                      Section 3B: Effect of PEG chain length and a monofunctional 
                                        reactive diluent, N-Vinyl pyrrolidinone (NVP) on   
macromer properties. 
                      Section 3C: Effect of choice of Acid and diol on macromer        
properties.  
                  Section 3D: Biocompatibility studies of UV cured polyester 
polyol 
                                      acrylates. 
Chapter-II: Biodegradable polyester polyol polymers for Controlled drug 
release         applications. 
      Section 1: Introduction to controlled-release drug delivery systems. 
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     Section 2: Hydrophobically graded polyester polyol acrylate polymers:    
Synthesis, characterization and microencapsulation of 
Sulfamethoxazole for controlled release application.  
                    Section 2A: Experimental 
                      Section 2B: Results and Discussion 
                    Section 3: UV curable polyester polyol acrylate nanocomposites: 
                                  Synthesis, characterization and controlled release application. 
                                  Section 3A: Introduction to nanocomposites  
                    Section 3B: Experimental         
                         Section 3C: Results and Discussion 
 
Chapter-I: Biodegradable polyester polyol acrylates for Tissue sealant 
applications. 
During the past two decades, significant interest has been developed in the 
area of biomaterials based on biodegradable and bioresorbable polymers.  It is already 
well known that polymers with a combination of desirable mechanical and physical 
properties, good degradation characteristics and biocompatibility have been widely 
used in biomedical applications such as sealants, sutures, tissue engineering scaffolds, 
tissue replacements and drug delivery carriers. 
 
 Degradable polymers are of great interest for therapeutic applications such as 
wound closure, tissue repair and regeneration, and drug delivery [1].  Most of the 
degradable polymers contain in their backbone labile linkages such as esters, 
orthoesters, anhydrides, carbonates, amides, urethanes, ureas etc.  However aliphatic 
polyesters containing flexible ester bonds, and those derived from lactic acid (LA) 
and glycolic acid (GA) in particular   
 appear to be the most promising because of their excellent biocompatibility and 
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variable degradability. Several end products made of these materials are already on 
the market [2]. 
 
                            Several academic centers and small start-up companies are making substantial 
progress in several branches of biomaterial science, technology, and applications.  
Wound dressings, adhesion prevention, tissue sealants, adhesives and sutures for 
tissue augmentation and regeneration products have shown commercial potential.  
Among many applications that are currently investigated, tissue sealants offer great 
scope and is the topic of present work.           
Section1: A Review on Tissue Sealants 
                           This section gives a brief introduction about necessity, minimum requirements 
and challenges in the development of tissue sealants.  It describes the chemistry and 
technology of chemically curable sealants such as Fibrin sealants, Protein crosslinked 
gels and Cyanoacrylates and photo curable sealants. 
 
                     Scope and objectives of the present work have been discussed towards the end 
of the section. 
Section 2: Experimental 
                       This section discusses details of the materials used to prepare various 
macromers of the present study.  Synthetic methods used for the preparation of 
macromers are discussed. The analytical methods and instrumental techniques used in 
the characterization of synthesized macromers are discussed. 
Section 3: Results and Discussion 
                      This section discusses various research elements such as selection of diacid and 
diol components, their mole ratio and optimization of reaction conditions, to prepare 
satisfactory materials.  A methodology has been devised to prepare and test various 
polyester polyol acrylates is shown in the following figure [Fig 1].  Methods for the 
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preparation of macromers of the present study as well as their characterization are 
discussed in this section. 
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                 Fig 1: Synthetic scheme used for preparation of Biodegradable polyester polyol 
polymers. 
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                           The effects of structural changes on the properties of polyester polyol 
acrylates and their biocompatibility studies are presented in the following four 
subsections. 
Section 3A: Effect of internal branching as well as external cross linking on  
macromer properties. 
                             This discusses the synthesis of insitu polymerisable polyester polyol acrylates 
for tissue sealant applications and their film forming ability.  Synthesis, 
characterization and photo polymerization of Succinic acid-co-Polyethylene glycol 
polyester polyol acrylates is discussed in this section.  The following two macromers 
were synthesized, as shown in the following table [Table 1], and characterized by 1H 
NMR, IR, acid number and hydroxyl number.  
 
S.No Macromer 
code 
Succinic 
acid 
(mole eq) 
PEG 200 
: Glycerol  
(mole eq) 
    Acid No  
Initial    Final 
Hydroxyl  
    No 
1 
2 
SAP 200 
SAPG 200 
1.0 
1.0 
1.1 : 0.0 
1.0 : 0.07 
358 
 
284 
50 
 
33 
    95 
   102 
 
                          Table 1: Macromers synthesized with Succinic acid and Polyethylene glycol 200 and 
Glycerol. 
 Effect of structural changes such as internal branching, external crosslinking 
on its polymerization, as well as enzymatic degradation was investigated.Addition of 
external cross linker, pentaerythrytol triacrylate, adversely affected polymerization 
and decreased the gel contents.  Polymer with glycerol degraded faster than polymer 
without and enzymatic degradation of the gels was faster than hydrolytic.  Lipase 
isolated from porcine pancreas appeared to be more effective than other enzymes 
under the experimental conditions studied.  These materials showed enough promise 
for use in local drug delivery and tissue contacting applications. 
 15 
 
Section 3B: Effect of PEG chain length and a monofunctional reactive diluent, N-
Vinyl pyrrolidinone (NVP), on macromer properties. 
                                  This discusses the synthesis of Polyester polyol macromers prepared with 
succinic acid and polyethylene glycols (PEG) of different molecular weights with an 
objective of obtaining materials of better cohesive properties such as elongation and 
tensile strength. Effect of adding a reactive diluent, N-Vinyl pyrrolidinone (NVP), on 
product properties was studied.  An in vitro test method was devised to investigate 
burst strengths of these materials to estimate their usefulness for tissue sealant 
applications [Fig 2].  In vitro release of Sulfamethoxazole entrapped in these cross-
linked matrices was also studied in this section. 
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Fig 2: Diagrammatic representation of burst test apparatus used in this study. 
 
The following three macromers were synthesized [Table 2] and characterized 
by 1H NMR, IR, acid number and hydroxyl number.  
S.
No 
Macromer 
code 
Succinic 
acid 
(mole eq) 
PEG used    
(mole eq) 
   Acid No 
Initial     Final 
Hydro-
xyl No 
Average 
M.Wt 
from 1H 
NMR 
1 
2 
3 
SAP 200 
SAP 600 
SAP 1000 
1.0 
1.0 
1.0 
PEG 200 (1.1) 
PEG 600 (1.5) 
PEG 1000 (1.5) 
358 
184 
78 
50 
52 
21 
95 
70 
65 
1750 
2255 
3700 
 
      Table 2: Macromers synthesized with Succinic acid and Polyethylene glycols of 
                  different molecular weights. 
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The resulting polyols were acrylated to render them photo cross-linkable. 
They could be very rapidly crosslinked into non tacky films with long wave length 
UV radiation.  The resulting products were characterized by gel content, water 
equilibrium swell, cross link density, Tg, tensile strength, degradation and in vitro 
burst strengths. The water equilibrium swell, mechanical strength, in vitro degradation 
of the crosslinked matrices reflected a trend based   on   their   crosslink  density,  
which  decreased  with  increasing  PEG  chain  length. Addition of N-Vinyl 
pyrrolidinone as a reactive diluent has increased the tensile strength of these 
formulations.  In vitro burst strength determinations suggested that they could be quite 
useful as tissue sealants.  Lastly in vitro release studies with Sulfamethoxazole 
suggest that they can, at the same time be used, for localized controlled delivery of 
antibiotics over a short period of time. 
 
Section 3C: Effect of choice of Acid and diol on macromer properties.  
  This discusses the Synthesis, characterization and in vitro properties of UV 
curable polyester polyol acrylates intended for tissue sealant applications.  Two sets 
of polyester polyols made by changing either acid component or diol component are 
presented in this section.  The scheme used for synthesis of the macromers prepared is 
shown in the following figure [Fig 3].   
 In this section, sealing ability and other properties such as gel content, water 
equilibrium swell, contact angle, degradation and in vitro release of Sulfamethoxazole 
of a closely related series of sealants with increasing hydrophobicity have been 
investigated.  The following macromers were synthesized, as shown in the following 
table [Table 3], and characterized by 1H NMR, IR, acid number and hydroxyl number.    
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  Fig 3: Scheme used for synthesis of hydrophobically graded polyester polyols and 
their crosslinked polymers. 
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S.
No 
Macromer          
code 
Diacid : PEG 600 : 1,4 Butane 
diol  ( mole eq) 
   Acid No 
Initial   Final 
Hydr
-oxyl 
No 
Visc-
osity 
(cps) 
1 
2 
3 
4 
5 
6 
AAP 600 
GAP 600 
SAP 600 
SAP 25 BD 
SAP 50 BD 
SAP 75 BD 
Adipic acid   (1.0): 1.500 : 0.000 
Glutaric acid (1.0): 1.500 : 0.000 
Succinic acid (1.0) :1.500 : 0.000 
Succinic acid (1.0) :1.125 : 0.375 
Succinic acid (1.0) :0.750 : 0.750 
Succinic acid  (1.0) :0.375 :1.125 
 
 137 
 143 
 184 
 127 
 156 
 238 
 
57 
54 
52 
30 
29 
23 
90 
87 
70 
102 
140 
147 
700 
775 
825 
550 
700 
5800 
   Table 3: Hydrophobically graded polyester polyols synthesized for Tissue sealant 
applications. 
 
The resulting polyols were acrylated to render them photocrosslinkable.  The 
acrylates could be rapidly polymerized into non tacky gels using UV radiation.  
Changing acid from succinic to glutaric to adipic acid or replacing polyethylene 
glycol with increasing amounts of 1, 4-Butane diol resulted in materials with 
increasing hydrophobicity.  Water equilibrium swell, equilibrium water contact angles 
and hydrolytic degradation times of these materials followed expected trends and 
increased with increasing hydrophobicity.  In vitro burst strength determination on 
hydrophilic gelatin and hydrophobic polypropylene films also followed the trend 
expected from their wettabilities.  Where as the burst strengths decreased with 
increasing hydrophobicity on gelatin films the trend reversed with polypropylene film 
showing the importance of sealant structure on its sealing ability.  Release of a model 
drug, Sulfamethoxazole, from these crosslinked matrices was also investigated.  It 
was shown that by careful selection of the diacid and diol components it is possible to 
prepare sealants of adequate performance for targets with different surface properties. 
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Section 3D: Biocompatibility studies of UV cured polyester polyol acrylates. 
In this section biocompatibility of UV cured polyester polyol acrylates 
intended for tissue sealant applications is discussed.  Biocompatibility of the 
following macromers was studied by both in vitro and in vivo methods.  
 
S. 
No 
Macromer 
code 
      Diacid 
    (mole eq) 
            Diol  ( mole eq) 
      PEG                         1,4 Butane diol 
1 
2 
3 
4 
5 
6 
7 
8 
SAP 200 
SAP 600 
SAP 1000 
GAP 600 
AAP 600 
SBD 25 BD 
SBD 50 BD 
SBD 75 BD 
Succinic acid (1.0) 
Succinic acid (1.0) 
Succinic acid (1.0) 
Glutaric acid (1.0) 
Adipic acid   (1.0) 
Succinic acid (1.0) 
Succinic acid (1.0) 
Succinic acid (1.0) 
PEG 200  (1.100) 
PEG 600  (1.500) 
PEG 1000 (1.500) 
PEG 600   (1.500) 
PEG 600   (1.500) 
PEG 600   (1.125) 
PEG 600   (0.750) 
PEG 600   (0.375) 
Butane diol (0.000) 
Butane diol (0.000) 
Butane diol (0.000) 
Butane diol (0.000) 
Butane diol (0.000) 
Butane diol (0.375) 
Butane diol (0.750) 
Butane diol (1.125) 
 
Table 4: Macromers studied for biocompatibility. 
 
                                       The in vitro biocompatibility of the macromers was evaluated by using 
F111 mouse fibroblasts.  Different cellular aspects were analyzed in order to know the 
cell viability during cell culture on the macromer discs: adhesion, proliferation and 
morphology.  The cytotoxicity of the hydrogels was assayed by the MTT assay 
according to Zychlinsky 2002 [3].  It was observed that fibroblast cells were seen to 
proliferate even after exposing to increasing concentrations of leach outs of the 
macromers.  Toxicity was almost absent for the tested macromers. 
F1 11 rat skin fibroblasts that were maintained in culture were used to test the 
non adhesive character of the macromers.  The cell morphology of the fibroblasts 
exposed to the different macromers was observed.  In some macromer discs cells were 
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rounded in shape and did not attach on to the macromers.  But in the case of SAP 200 
discs the cells attached at the polymer-glass interface and gained their normal 
morphology.  None of the macromers supported cell attachment and promoted cell 
growth. 
The macromers tested showed less adhesion and spreading.  SAP 200 
exhibited 15.99 percent adhesion of fibroblasts as compared to control.  As the 
molecular weight of PEG was increased, the resistance to cell adhesion was also 
increased. SAP 600 and SAP 1000 showed least adhesiveness to fibroblasts. 
In the series of acid homologue AAP 600 exhibited a 3 % adhesion as 
compared to control.  As the chain length decreased, the cell adhesion also decreased.  
As the chain length decreased in the acid homologues, the hydrophilicity of the 
macromer increased. And in the series of butane diol modification SBD 25 exhibited a 
2.11% adhesion as compared to control, and as the amount of butane diol increased in 
the macromer the cell adhesion also increased.  As the butane diol content increased 
in the formulation, the hydrophobicity of the macromer increased and cell adhesion 
also increased.  
 
All the macromers of the study thus showed minimal fibroblast cell 
attachment as compared to glass reference.  Thus all of them appear to have very 
favorable biocompatibility. 
The biocompatibility of the macromers was also studied in vivo by 
subcutaneous implantation in rats.  Macromers SAP 600, GAP 600, AAP 600 and 
SBD 50 were UV sterilized and implanted on the dorsal side in the subcutaneous 
tissue of rats and observed after 14 days. The biocompatibility of the macromer was 
determined by the cellular activity at the site of the implanted materials.  The tissue 
reaction to the macromer under microscopic examination revealed no foreign body 
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reaction as evidenced by absence of giant cells. Normal inflammatory infiltrate and 
macrophage migration into the encapsulated area was noticed.  Histopathological 
observations indicated that all the macromers were regenerative and normal. 
Results from cell viability, fibroblast cell attachment and subcutaneous 
implantation thus revealed that all the macromers tested were biocompatible. 
 
Chapter-II: Biodegradable polyester polyol acrylates for Controlled drug release 
applications. 
During the last two decades, controlled release technology has received 
increasing attention due to the growing awareness that biologically active substances 
ranging from drugs to agricultural chemicals are frequently excessively used and are 
toxic and sometimes ineffective when administered or applied by conventional 
methods.  Controlled release is a technique or method in which active agents are made 
available to a specified target at a rate and duration designed to accomplish an 
intended effect while avoiding other responses or side effects this agent might cause.  
Conventionally active agents (drugs, hormones, pesticides, fertilizers, antifouling 
agents, food flavors) are often administered to a target by nonspecific and periodic 
applications.  However in such cases only a fraction of the active agent is able to 
reach the target, the remainder being wasted.  Controlled release technology [4] 
circumvents these problems and provides a method by which the active agent is 
delivered in a controlled manner to the target. 
Section1: Introduction to controlled-release drug delivery systems. 
This section gives a brief introduction about necessity and applications of 
various types of controlled release drug delivery systems.  It describes the basic 
components of various types of controlled release drug delivery systems followed by 
the different types of controlled release technologies.    
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Scope and objectives of the present investigation have been discussed at the 
end of the section.  
Section 2: Hydrophobically graded polyester polyol acrylate polymers: 
Synthesis, characterization and microencapsulation of 
Sulfamethoxazole for controlled release application 
 This section is divided into two subsections.  
Section 2A: Experimental 
This section discusses details on the materials used to prepare various 
macromers of the present study.  Experimental methods adopted for the preparation of 
drug loaded microspheres have been discussed.  The analytical methods and 
instrumental techniques used in the characterization of synthesized macromers and 
prepared microspheres are discussed. 
Section 2B: Results and Discussion 
This section discusses synthesis, characterization of hydrophobically graded 
polyester polyols prepared from succinic acid and different ratios of PEG 200 and 1,4-
butane diol.  The preparation method of drug loaded microspheres and the in vitro 
release of Sulfamethoxazole is discussed in this section.  The process used for the 
preparation of microspheres is illustrated in the following figure [Fig 4].  
The following macromers were synthesized, as shown in the following table 
[Table 5], and characterized by 1H NMR, IR, acid number and hydroxyl number. 
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Fig 4: Schematic representation of microsphere preparation. 
S.No Macromer 
code 
Succinic acid : PEG 
200 : 1,4 Butane diol      
( mole eq) 
     Acid No 
Initial   Final 
Hydro-
xyl No 
1 
2 
3 
4 
SAP 200 
SAP 25 BD 
SAP 50 BD 
SAP 75 BD 
1.0 : 1.10 : 0.00  
1.0 : 0.83 : 0.28  
1.0 : 0.55 : 0.55 
1.0 : 0.28 : 0.83 
348        50 
359        46 
408        40 
466        36 
145 
190 
211 
223 
                Table 5: Hydrophobically graded polyester polyols synthesized for 
                                microsphere preparation 
 Macromer 
 
 
Benzoyl peroxide  
      (Initiator)      
Sulfamethoxazole 
(Drug) 
Dispersion in  
Dichloromethane 
Drop wise addition into Silicone oil 
1 hour, ambient temperature 
 
Droplet formation and 
stabilization 
N2 atmosphere 
N2 atmosphere 2 hours, 80 0C 
 
Filtration 
Crosslinked microspheres 
Washing and drying 
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The morphology and particle size distribution of microspheres prepared from 
these macromers was studied using Scanning electron microscope as well as Video 
assisted microscope.  Water equilibrium swell, hydrolytic degradation, drug 
entrapment efficiency and in vitro release of Sulfamethoxazole of these polymers 
were studied. 
Polymers prepared from their acrylates showed a graded behavior in water 
contact angles.  All microspheres were found to be very spherical, entirely free of any 
defects, nonporous and most of them were in the range of 10 – 20µ in diameter from 
their SEM studies.  SEM photograph of SAP 50 BD was shown in the following 
figure [Fig 5]. 
 
                  
    
            Fig 5:  SEM Image of SAP 50 BD polyester polyol microspheres. 
 
 Water equilibrium swell and time taken for hydrolytic degradation of 
microspheres prepared using these polymers followed a trend representing their bulk 
hydrophobicity.  Sulfamethoxazole loaded microspheres were also prepared using 
these polymers and in vitro release studied.  The release behavior coincided with a 
trend that can be expected from the polymers’ hydrophobicity. 
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Section 3: UV Curable Polyester Polyol acrylate nanocomposites: Synthesis,   
characterization and controlled release application. 
                    This section is divided into three subsections. 
Section 3A: Introduction to Nanocomposites 
This section gives a brief introduction about structure and properties of 
layered silicates and organically modified layered silicates [5].  Types of 
nanocomposites [5], their preparative methods [6] and pharmaceutical applications of 
clay minerals [7] are discussed in this section.  
Scope and objectives of the present investigation have been discussed at the 
end of the section.  
Section 3B: Experimental        
      This section discusses details of the materials used to prepare the macromers of 
the present study.  Experimental methods adopted for the preparation of polyester 
polyol acrylate nanocomposites are discussed.  The analytical methods and 
instrumental techniques used in the characterization of polyester polyol acrylate 
nanocomposites prepared are discussed. 
Section 3C: Results and Discussion  
In this section, synthesis, characterization and photo polymerization of 
bentonite  polyester polyol acrylate nanocomposites is discussed.  The effect of 
bentonite content in the nanocomposites on their physical properties such as gel 
content, water equilibrium swell, tensile strength, hydrolytic degradation and drug 
release behavior for different drugs namely Sulfamethoxazole and Diclofenac sodium 
is investigated in this section. 
In situ photopolymerizable polyester polyol acrylate nanocomposites were 
prepared from Succinic acid and Polyethylene glycol with different molecular 
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weights.  Various polyester polyol acrylate nanocomposites were synthesized in the 
present study using SAP 200 and SAP 600 macromers with different compositions (1, 
3 & 5 wt %) of organically modified bentonite clay.  
First bentonite clay was made organophilic by exchange of the intergallery 
sodium cations of bentonite for alkyl ammonium cations, in order to improve their 
compatibility with the macromer.  Organo modification of bentonite was confirmed 
from XRD and FTIR data.  The acrylate nanocomposites could be substantially 
polymerized by exposure to UV radiation in presence of photo initiators.  Both XRD 
and TEM results showed that in all nanocomposites bentonite clay was intercalated.  
Water equilibrium swell and in vitro degradation of these nanocomposites decreased 
with increase in the clay content.  The tensile strength and elongation at break of these 
nanocomposites were increased with increase in the clay content. 
For drug release behavior, the results showed that the drugs, 
Sulfamethoxazole and Diclofenac sodium released in controlled manner.  Both the 
drugs from SAP 200 nanocomposites were released slower than SAP 600 
nanocomposites.  
 
 
 
 
 
 
 
 
 
